Abstract. In the paper the main results of numerical study presented in Gambarelli et al.
Introduction
In the recent years composite materials like CFRP (Carbon Fiber Reinforced Polymer) became very popular for retrofit of existing concrete structural members. To date a number of studies have been conducted on FRP concrete cylinders, characterized by a uniform stress distribution, while fewer studies have addressed square and rectangular sections [4, 5, 6, 7, 8, 9, 10, 11, 12] . Recent experimental investigation reported in [2] showed the significant influence of the corner radius on the performance of square concrete columns confined by FRP. It has been clearly demonstrated that the shape of the cross-section of concrete columns (corner radius) has a significant impact on the efficiency of fibers, which reduces proportionally with the decreasing corner radius. Due to the significant advancement in development and application of these materials, several models have been proposed for the prediction of behavior of CFRP confined concrete members, which can be classified as: design oriented models, analysis oriented models and models used in the non-linear finite element analysis. The first category includes stress-strain relationships in the form of analytical expressions, coming directly from the evaluation of tests data. The second one deals with incremental iterative procedures, aimed to explicitly relate the lateral expansion of concrete with the effect provided by CFRP. The last category is based on non-linear finite element analysis of CFRP confined concrete elements. Most of the analysis oriented models are derived from the stress-strain relationship proposed by Popovics [13, 14] and reformulated by Mander et al. [15] . Originally, only few studies [16] , recognizing the difference between steel and CFRP based confinement, proposed an incrementaliterative approach aimed to correctly reproduce the phenomenology of the CFRP, which effect, due to their high strength, has to take into account the concrete volumetric strain evolution. The basic idea of these innovative models was to modify Mander's model for steel confined concrete by accounting for dilatation properties of concrete. An extension of the model proposed is [16] is presented by Nisticò [12] . Several finite element models proposed for predicting the mechanical behavior of CFRP-confined concrete, are based on Drucker-Prager (DP) criterion. The DP model proposed by Mirmiran et al. [17] , shows too low capacity in reproducing the dilatation properties of concrete or the softening behaviour of sections with relatively low confinement. In Rousakis et al. [18] the elasto-plastic model proposed by Karabinis and Kiousis [19, 20] for steel confined concrete sections, was reformulated in order to take into account for the dilatation properties of concrete. By means of DP potential function the model proposed by Rousakis et al. [18] was reviewed by Yu et al. [21] , which proposed a modified DP type of plasticity model in order to correctly predict the behaviour of both actively confined and FRP confined concrete. Due to the limitations of the currently proposed plasticity based DP models for confined concrete columns, which are not general but rather strongly oriented to specific CFRP applications, in the present paper a 3D FE analysis is carried out using microplane model for concrete.
The numerical analysis have been carried out with the aim of reproducing the experimental results reported in [2] , which are focused on the influence of the section corner radius on the performance of CFRP-confined concrete elements. These data, such as the majority of the experimental tests available in the literature ) [22] refer to plain concrete. Obviously this study is only the first step towards more interesting applications that will concern RC elements reinforced with composite materials.
Macroscale models of CFRP-confined concrete columns

Material properties and FE model
The numerical study presented in Gambarelli et al. [1] is carried out based on the experimental tests of Wang and Wu [2] for relatively small concrete specimens subjected to uni-axial compressive load. The ratio of specimen width/height = 150/300 mm. The experimental program involved 108 tests in which the following relevant parameters were considered. The corner radius varied as 0, 15, 30, 45, 60 and 75 mm (see Fig. 1 ), two fibers with the nominal thicknesses 0.165 and 0.33 mm, two different concrete grades (C30, C50), and for each concrete grade a different type of CFRP composite was employed. In the here presented study only C30 concrete grade is considered, so that in total, including unconfined concrete specimens, 18 numerical tests are carried out: (1) six different corner radius (from square to circular section), (2) no CFRP confinement and two CFRP configurations: 1-ply and 2-ply, having nominal thickness of 0.165 and 0.33 mm.
The mechanical properties of the CFRP laminate are obtained from the standard coupon tests [2] and the here adopted mechanical properties of Matrix and Fibers are summarized in Tab. 1. Macroscopic properties of concrete are reported in Table 2 with regard of C30 concrete only, since the current study regard C30 specimens.
Applied Mechanics and Materials Vol. 847 In the first step of the study the parameters of the microplane model are calibrated for concrete and matrix. As specified in [23] the concrete microplane parameters are set to correctly reproduce the macroscopic mechanical properties, minimizing the error between experimental and numerical stress-strain relationships in the case of unconfined concrete. The same is done for the epoxy resin, based on a simple uni-axial tensile and compressive tests performed in matrix material. The numerical values of microplane parameters for C30 concrete and matrix are reported in Tab. 3. CFRP composite is modelled as a composite of matrix and fibers, in the framework of continuum, assuming compatibility of strain field. The resin is assumed to be initially isotropic material, modelled by the 3D solid finite elements. The fibers are discretized by 1D-truss finite elements assuming elastic-brittle stress strain response. The constitutive laws for the matrix and fibers are shown in Fig. 2 . The experiments [2] proved that the shape of the cross-section of concrete columns (corner radius) has significant influence on the ultimate strength of fibers, which reduces proportionally with the decreasing corner radius. One possibility to account for this effect is reported by Yang et al. [24] : through an experimental activity the authors show that the need for bending fibers over the member corners affects the performance (strength) of the FRP laminate and the efficiency of its confining/strengthening action. In order to account for this effect, reduced strength of fibers at corners has been considered. In Tab. 4 are summarized the fiber strengths values used in the analysis: it can be seen that with decrease of the corner radius the tensile strength of fibers dramatically decreases. Furthermore, as will be shown below, from the analysis turns out that for corner radius R < 30 mm not only the strength of the fibers but also their stiffness in the edge region should be reduced. With the reduction of the fiber stiffness for radius smaller than 30 mm by factor of 0.5 the numerical
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results agree reasonably well with the experiments: without this stiffness reduction the resistance of columns with R < 30 mm is overestimated.
The concrete part of the tested specimens is discretized with solid eight-node finite elements. The same elements are used for the modelling of matrix with embedded 1D truss elements, which represent carbon fibers. In the model the perfect connection between matrix and concrete is assumed. The size of the concrete elements slightly depends on the geometry, however the majority of the elements used are cube with a size of 7.5 mm. The size of the matrix element is 0.6 x 7.5 x 7.5 mm. To assure the objectivity of the results with respect to the size of the finite elements, crack band method is used [25] . Due to the double-symmetry, only a quarter of each specimen is modelled in order to reduce the computational time. To be able to reproduce the post-peak response, in the 3D finite element analysis the specimens are loaded by imposing an axial displacement control. A typical spatial finite element discretization of the specimen confined with CFRP (R = 30) is shown in Fig.3 .
Results of the analysis and discussion
The uni-axial stress-strain curves obtained for six different corner radiuses are shown in Figs. 4,5,6 , where each graph, related to the corner radius value, shows the numerical and experimental results for the unconfined concrete section (Fig.4) as well as for 1-ply (Fig.5 ) and 2-ply FRP confined sections (Fig.6) , respectively. The same as in the experiments, the stress shown is obtained by dividing the global axial force over the concrete section area. Note that the experimental data are average of three experiments. The axial strain is evaluated over the localized zone on the middle side face of the specimens. The measurement base approximately corresponds to the length of the vertical LVDT used in the experiments (200 mm). Consequently, the axial strain in the analysis is obtained by dividing the difference between the axial displacement at the top and at the bottom of the localization zone by its length.
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Advances in Civil and Infrastructure Engineering II The comparison between numerical and experimental results shows that the numerical simulation is capable to capture the general trend of the confined sections, where the ultimate strain and strength increase with the effective confinement induced by the CFRP. It can be observed that the resulting stress-strain relationship is approximately bi-linear and it is obvious that with the increase of the amount of fibers the resistance and the corresponding strain increase. Moreover, it can be seen that the confinement efficiency decreases with decrease of corner radius so that circular crosssection case is the most performing. As already mentioned above, from the results shown in Figs. 4,5,6 can be seen that for very small corner radius (R < 30 mm), not only the strength, but also the stiffness of fibers should be reduced.
With the reduction factor of 0.50 the test data can be reasonably well reproduced. However, in spite of this it can be seen that for very small corner radius the numerical and experimentally obtained curves show the largest differences. Most probably the reason can be explained by the fact that for small corner radius the local behavior of concrete at the corner, due to high concentration of stresses, influences the activation of fibers. Such effect probably cannot be predicted using macro modelling approach. In the present study this effect is indirectly accounted for by reducing stiffness of fibers. In the case of relatively small corner radius careful statistical evaluation of experimental results should be carried out because the scatter of results is probably relatively large. It is known that for the problems were local phenomena are important, the scatter of results is also relatively high.
The relation between the normalized strength of confined concrete columns and normalized corner radius is plotted in Fig. 7 . The numerical results are compared with test data and it can be seen that the results are in reasonably good agreement. In Fig. 8 are shown typical failure modes observed in the experiment and analysis. The failure mode is of a rather brittle type and is due to the failure of fibers in the zone of corner where the fibers are the weakest, due to its bending over the corner. The experimentally observed and numerically predicted failure mode is principally the same. It is obvious that once the fibers fail concrete fails also in a very brittle manner. a) b) The volumetric strain vs. axial strain is reported in Fig. 9a for concrete column (R = 75 mm) under different confining configurations: unconfined, confined with 1-ply and 2-ply. On each curve, two different zones can be identified. The first one is characterized by the negative volumetric strains, which indicates volumetric compaction of concrete, while the second one is characterized by positive volumetric strains associated to concrete volumetric dilatation due to the cracking and damage. Since the FRP jacket works like a passive confinament device, its confining pressure becames effective when concrete is in the range of volumetric expantion.
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This is also clear observing Fig. 9b , where the axial stress vs. volumetric strain is shown. Obviously, concrete volumetric change is strictly related to FRP jacket stiffness, that is, increasing the amount of fibers, from 1-ply to 2-ply FRP, the volume expantion tends to decrease in the final part of the curve, until the global failure. The application of FRP jacket in sections different from circular induces a non-uniform compressive stress field that influences the effectiveness of the confinement device [11] . Minimum principal stress (compression) field at peak load is shown in Fig. 10 for all column crosssectional shapes (1-ply). In order to show the internal stress distribution, the models are sliced at mid height. As can be seen, the area of the well confined regions (dark zones) in which the confinement provided by FRP can be considered effective, increases proportionally with the corner radius.
Mesoscale models of CFRP-confined concrete columns Introduction
Concrete can be classified as a composite material constituted by a highly heterogeneous internal structure, rich of defects with different sizes and shapes; the mechanical behavior of such material is greatly influenced by the geometry and the properties of the microstructural components.
The numerical results presented above show that although nonlinear macroscopic models for concrete can give a realistic description of its global behavior, they are unable of capturing important local phenomena of the microstructure, determined by the randomness of the material heterogeneity. This aspect is really important for predicting the mechanical behavior of CFRPconfined concrete, especially in the case of small corner radius (R<30). In this case, it is necessary to perform numerical analysis at the lower scales. With the type of computer facilities available today, mesoscopic analysis appears to be the most practicable and useful approach for evaluating the composite behavior of concrete.
In the first step of the study, a mesoscale model of the concrete cylinder (R75) tested by Wang and Wu [2] has been performed, considering the following configurations: 1) no CFRP confinement; 2) 1ply-CFRP confinement.
Concrete as a bi-phase composite material
At mesoscale concrete is treated as bi-phase composite material, constituted by coarse aggregates and mortar matrix (with fine aggregates dissolved into it). In this contest the presence of an Interfacial Transition Zone (ITZ) is neglected. It is known that aggregates in concrete account for the 60-80 % of the concrete weight and they greatly influence its properties, mix proportions and economy. Sand, gravel and crushed stone are the primary aggregates used and they can be divided into fine and coarse aggregates; fine aggregates are usually constituted by natural sand with a maximum diameter smaller than 5 mm. The majority of the coarse aggregates used in concrete is constituted by gravels and crushed stones, with diameter greater than 5 mm. The C30 concrete mixture used in the experimental tests by [2] is composed by Ordinary Portland Cement (OPC) with a water/cement ratio of 0.77. River sand has been included as the fine aggregates, while crushed granite stone with a maximum size of 10 mm has been used as the coarse aggregate. More details on the concrete composition have been furnished by the authors. According to these data, aggregates occupy 65% of the total specimen volume, 34% of which is constituted by coarse aggregates (5mm<=D<=10mm), while the remaining 31% is constituted by fine aggregates (D<=5mm).The generation of random aggregate structure plays an important role in the meso-scale analysis of concrete; in fact, several parameters, such as the shape, size and spatial distribution of aggregates greatly influence the mechanical behavior of the material. In this study, a simple procedure to generate a random aggregate structure in concrete has been implemented in Matlab R2013b. The procedure is based on a minimum distance criterion which avoids the intersection between two or more aggregates. It is important to note that only the 10% of total coarse aggregates have been generated by means of spheres with a diameter of 10 mm, that is the maximum diameter of the specimen tested in [2] . This strong simplification is justified by computational problems. It is well known that although continuum-type models may represent composite materials more realistically than discrete models, from a computational point of view the cost is too high to be used in large-scale simulations. The concrete composition assumed for the numerical simulation of R75 is schematized in Fig. 11: 116 Advances in Civil and Infrastructure Engineering II 
Material properties and FE model
The mechanical properties of CFRP used in the analysis are summarized in Tab. 1. In Tab. 5 are summarized macroscopic properties of mortar matrix also used in the numerical study. The corresponding constitutive law is shown in Fig. 12 . A linear elastic behavior has been assumed for aggregates. Also in the mesoscale analysis, CFRP composite is modelled as a composite of epoxy resin and fibers; the resin is assumed to be initially isotropic material, modelled by the 3D solid finite elements. The fibers are discretized by 1D-truss finite elements assuming elastic-brittle stress strain response. The constitutive laws for the matrix and fibers are shown in Fig. 2 . The concrete part of the tested cylinder is discretized with solid four-node finite elements. The same elements are used for the modelling of matrix with embedded 1D truss elements, which represent carbon fibers. In the model the perfect connection between matrix and concrete is assumed. To be able to reproduce the post-peak response, in the 3D finite element analysis the specimen is loaded by imposing an axial displacement control. A typical spatial finite element discretization of the cylinder confined with CFRP is shown in Fig. 13 .
Results of the analysis
The uni-axial stress-strain curves obtained for R75 are shown in Fig.14 , where each graph reports the numerical (macro and meso) and experimental results for the unconfined concrete section ( Fig.14.a) and 1-ply CFRP-confined section (Fig.14.b) . As can be seen, both models are able to correctly reproduce the global behavior of the unconfined and 1ply CFRP-confined cylinder (R75); this confirm the predictability of the used macro modelling approach, based on the microplane material model.
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Conclusions
In the present paper the main results of numerical simulation presented in Gambarelli et al. [1] are reported in order to compare some of them with the preliminary results of numerical analysis performed at mesoscale and here presented. Based on the study presented in [1] , the following conclusions can be drown out. (1) The results of the experiments are realistically replicated, which confirms the predictability of the used approach.
(2) The stress-strain response of confined cylinders can be approximated with bi-linear relationship.
(3) The same as the experiments, the numerical results show that the resistance and ductility of columns confined by CFRP increases with the amount of fibers and with the increase of the corner radius. (4) Fibers are most effectively used in the cylindrical cross-section. This can be clearly seen from the distribution of compressive stresses over the cross-section of the column. The larger the corner radius the better is the utilization of the column cross-section. (5) It is confirmed that the effect of corner bending significantly reduces resistance of confined columns. However, it is shown that for small corner radius not only the strength but also the stiffness of the fibers need to be reduced. The reason for the required reduction of fiber stiffness is probably caused to the local damage of concrete corner due to the small radius of the fibers.
Comparing the results obtained by means of macro and meso-scale analysis it can be concluded that both models can correctly predict the behavior of the cylindrical specimen. However, it seems that a meso-scale model for concrete is important for predicting the behavior of CFRP-confined elements with sections different from the circular one. As mentioned above, local phenomena at corner, due to high stress concentrations, influences the activation of fibers and such effect is governed by the randomness of the material heterogeneity. This aspect will be in the future verified by employing the mesoscale analysis of all (unconfined and CFRP-confined) concrete specimens tested by Wang and Wu [2] .
